Metamaterials are engineered composite materials consisting of subwavelength units (meta-atoms), which have rationally designed shape, composition and mutual orientation[@b1][@b2]. Metamaterials have unique responses to electromagnetic waves, which cannot be found in materials available in nature or fabricated using traditional synthetic routes. Metamaterials have been predicted and experimentally demonstrated to lead to many breakthrough applications such as negative index of refraction[@b3][@b4][@b5][@b6], sub-diffraction imaging[@b4][@b7][@b8][@b9][@b10], and invisibility cloaking[@b11][@b12]. Metamaterials with *hyperbolic dispersion*, in which dielectric permittivity components in orthogonal directions have different signs, have attracted a widespread attention of the research community because they can propagate waves with nearly infinitely large wave-vectors and possess a broadband singularity in the density of photonic states[@b13]. The latter property allows one to control a variety of quantum and classical phenomena, including but not limited to spontaneous emission[@b13][@b14][@b15][@b16][@b17][@b18][@b19][@b20] and scattering[@b21][@b22].

The enhancement of the spontaneous emission by environments with high local densities of electromagnetic modes (photonic states) is known as the Purcell effect[@b23]. It is quantified in terms of the Purcell factor, which is the ratio of the spontaneous decay rate in a cavity, medium, or other engineered environment and that in vacuum[@b23]. It has been shown that the Purcell enhancement factor in hyperbolic metamaterials strongly depends on effective dielectric permittivities in orthogonal directions (which, in turn, depend on constituent materials and filling factors) and, correspondingly, has strong spectral dispersion[@b14][@b17], [Figs. 1a and 1b](#f1){ref-type="fig"}. In Ref. [@b14], the Purcell factor was calculated for relatively large spherical dipoles embedded into a hyperbolic metamaterial, while in Ref. [@b17], small dipoles were positioned on top of the metamaterial\'s surface. Although the details of the two theoretical models differ from each other, both predict the Purcell enhancement to be maximal when the real part of effective dielectric permittivity in the direction parallel to the metamaterial\'s surface Re{ε~∥~} is slightly negative[@b14][@b17], [Fig. 1b](#f1){ref-type="fig"}. In Ref. [@b17], the experimental dependence of the Purcell enhancement factor on frequency has been demonstrated in emission kinetics measurements in an ensemble of quantum dots with size dispersion.

We infer that strong variation of the Purcell factor over the emission spectral band of luminescent centers should lead to a substantial reshaping of the emission spectrum and shift of the emission maximum. Our reasoning is explained in [Fig. 1a](#f1){ref-type="fig"}, showing the spectrum of the Purcell enhancement factor (Trace 1), the emission spectrum of the dye doped polymeric film deposited on glass (Trace 2), and the blue shifted emission of the same dye embedded into a metamaterial (Trace 3 ∝ Trace 1 × Trace 2). Note that this effect is entirely different from the (very small) Lamb shift predicted in hyperbolic metamaterials in Ref. [@b24].

In this paper, we report on experimental observation of the blue shift in spontaneous emission of dye molecules embedded into lamellar metamaterials with hyperbolic dispersion, and demonstrate a good qualitative agreement between the experimental results and the predictions of available theoretical models[@b14][@b17].

Results
=======

Experimentally, we have fabricated lamellar Ag/polymer hyperbolic metamaterials, whose dielectric layers were impregnated with the DCM laser dye, and studied their emission spectra (at the excitation wavelength λ = 488 nm) and excitation spectra (at the emission collection wavelength λ = 650 nm). The details of the sample preparation and the spectral measurements are explained in the Methods section. Dye doped polymeric films deposited on glass were used as control samples.

In agreement with the heuristic model discussed above, the emission spectrum of the dye embedded in the metamaterial was blue shifted in comparison with the emission spectrum of the same dye deposited onto the glass substrate. The effect was stronger in the sample, which had Ag as the top layer (18 nm shift), than in the sample, whose top layer was dye-doped PMMA (7 nm shift), [Fig. 2a](#f2){ref-type="fig"}.

At the same time, the *excitation* spectrum of emission experienced much smaller spectral shift than the emission spectrum did, [Fig 2b](#f2){ref-type="fig"}. This suggests that the effect of the density of photonic states on excitation and absorption (if any) is different from the effect of the density of photonic states on spontaneous emission.

Discussion
==========

The experimentally observed blue shift of the emission spectrum, [Fig. 2a](#f2){ref-type="fig"}, is approximately 50% larger than the heuristic prediction, see [Fig. 1a](#f1){ref-type="fig"}. This deviation is likely due to the fact that the model in Ref. [@b14] was developed for large (larger than the period of the structure *a*) spherical emitting dipoles, while the molecules in our experiments were much smaller than *a* and hardly spherical. (In addition, the spectrum of dielectric permittivities in our metamaterial is not exactly the same as in Ref. [@b14].) On the other hand, the theoretical model of Ref. [@b17] has been developed for emitters on top of a hyperbolic metamaterial, which is also not the case of our experiment. We hope that our findings will stimulate further theoretical studies and the development of the model matching our experimental conditions.

Since emitted light propagates to the surface through silver layers, whose transmission depends on the wavelength, its spectrum can, in principle, be modified. This effect is illustrated in [Fig. 3](#f3){ref-type="fig"}, depicting the spectrum of the DCM dye emission before the silver film (Trace 1), the transmission spectrum of the 30 nm silver film (calculated using the parameters of Ref. [@b25], Trace 2), and the spectrum of the dye emission transmitted by the silver film (Trace 3 ∝ Trace 1 × Trace 2). As one can see in [Fig. 3](#f3){ref-type="fig"}, the spectral shift of emission caused by transmission through the silver film is small and cannot account for the spectral shift larger than 4 nm. However, it narrows the gap between the theoretical prediction ([Fig. 1a](#f1){ref-type="fig"}) and the experimental observation ([Fig. 2a](#f2){ref-type="fig"}). At the same time, the effect of Ag transmission can be responsible for the small spectral shifts observed in the excitation spectrum, [Fig. 2b](#f2){ref-type="fig"}.

Note that if one will use the heuristic model of [Fig. 1a](#f1){ref-type="fig"} to evaluate the change in the *excitation* spectrum ([Fig. 4](#f4){ref-type="fig"}), the calculated blue shift will be enormously large, almost one order of magnitude larger than the one measured experimentally (compare [Figs. 2b](#f2){ref-type="fig"} and [4](#f4){ref-type="fig"}). To no surprise, this implies that the effect of the density of photonic states on excitation and absorption is not the same as on spontaneous emission.

To summarize, we have predicted and experimentally observed sizable blue shift of spontaneous emission of DCM laser dye embedded into lamellar metamaterials with hyperbolic dispersion. The effect primarily originated from the dispersion of the Purcell enhancement factor and the density of photonic states. At the same time, practically no spectral shift has been found in the excitation spectra of the dye emission. This suggests that the effect of the density of photonic states on absorption (if any) is strongly different from the effect of the density of photonic states on spontaneous emission.

Methods
=======

Experimental Samples
--------------------

Lamellar hyperbolic metamaterials in our studies consisted of 30 nm layers of Ag and 40 nm layers of Polymethyl Methacrylate (PMMA) doped with the \[2-\[2-\[4-(dimethylamino)phenyl\]ethenyl\]-6-methyl-4H-pyran-4-ylidene\]-propanedinitrile (DCM) laser dye, with either Ag or dye-doped PMMA as the outermost layer. Metallic films were produced by evaporating 99.99% pure silver. The dye and PMMA were dissolved in dichloromethane. The solutions were spin coated onto the silver films to form dielectric layers. The dye concentration in dry PMMA was equal to 10 g/l (0.033 M). The material with such parameters has hyperbolic dispersion (negative dielectric permittivity Re{ε~∥~} in the direction parallel to the metamaterial\'s surface and positive dielectric permittivity Re{ε~⊥~} in the direction perpendicular to the metamaterial\'s surface) in the spectral range of interest, *λ*\>370 nm[@b18][@b21], [Fig. 1b](#f1){ref-type="fig"}. Similar dye-doped PMMA film deposited on glass was used as a control sample.

Emission studies
----------------

The emission measurements were performed in the spectrofluorimeter setup (Fluoromax 3, Horbia) at excitation of the dye molecules with *λ* = 488 nm light. At the same time, the *excitation* spectrum of emission, which often resembles the absorption spectrum, was recorded when the detection wavelength was set close to the maximum of the emission band at \~560 nm. (Note that in many laser dyes, spontaneous emission occurs not only between pure singlet excited state S~1~ and ground state S~0~, but also between associated with them multiple vibrational states. This causes broadening of the emission band and its deviation from the Lorentzian shape. Due to fast thermalization, all components of the excited state multifold decay with the same time constant, leading to single-exponential emission kinetics[@b26] and its independence of the emission wavelength.)
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![(a) Trace 1 -- spectrum of the Purcell enhancement factor calculated as the function of Re{ε~∥~} (upper scale) for a multilayered hyperbolic metamaterial with Re{ε~⊥~} = 1, Im{ε~⊥~} = Im{ε~∥~} = 0.1 \[14\]. Trace 2 -- Emission band of the DCM dye film deposited on glass (approximated by a Gaussian function). Trace 3 -- predicted shift of the emission band of the same dye embedded into a hyperbolic metamaterial (Trace 3 ∝ Trace 1 × Trace 2); both emission spectra are normalized to unity. (b) Spectra of Re{ε~∥~} and Re{ε~⊥~} in the hyperbolic metamaterial used in our experiment (calculated in the effective medium approximation for the filling factors discussed in the text and the material parameters available in the literature \[18, 25\]). The latter spectrum relates the values Re{ε~∥~} in the upper horizontal scale of Fig. 1a to the wavelengths in the lower horizontal scale. (Here ε~∥~ and ε~⊥~ denote components of dielectric permittivity parallel and perpendicular to the metamaterial surface.)](srep04969-f1){#f1}

![(a) Experimental emission spectrum of DCM doped PMMA deposited on glass (1), embedded in the hyperbolic metamaterial with PMMA as the outmost layers (2), and embedded in the hyperbolic metamaterial with Ag as the outermost layer (3). (b) Experimental excitation spectra of DCM emission when the dye doped PMMA was deposited on top of glass (1) and embedded in hyperbolic metamaterial with Ag as the outermost layer (2).](srep04969-f2){#f2}

![Trace 1 -- Emission band of DCM doped PMMA (approximated by a Gaussian function). Trace 2 -- Transmission spectrum of the 30 nm Ag film (right vertical axis). Trace 3 -- spectrum of the DCM emission transmitted through Ag film (Trace 3 ∝ Trace 1 × Trace 2). Both emission spectra are normalized to unity.](srep04969-f3){#f3}

![Trace 1 -- spectrum of the Purcell enhancement factor, same as Trace 1 in [Fig. 1a](#f1){ref-type="fig"}. Trace 2 -- excitation spectra of the DCM dye film deposited on glass (approximated by a Gaussian function). Trace 3 ∝ (Trace 1) × (Trace 2). Both excitation spectra are normalized to unity.](srep04969-f4){#f4}
